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Electron microscopyThe effect of genistein on the liposomes formed with dipalmitoylphosphatidylcholine was studied with the
application of Fourier-transform infrared spectroscopy, nuclear magnetic resonance (1H NMR) and electron
paramagnetic resonance techniques. Membranous structures organization of human skin ﬁbroblasts and
colonmyoﬁbroblasts was also examined using ﬂuorescence and electronmicroscopy. The strongest rigidifying
effect of genistein with respect to polar head groups was concluded on the basis of the effect of the ﬂavonoid
on the shape of NMR lines attributed to –N+(CH3)3 groups. The rigidifying effect of genistein with respect to
the hydrophobic core of lipidmembranes was also concluded from the genistein-dependent broadening of the
NMR lines assigned to –CH2 groups and terminal –CH3 groups of alkyl chains. EPR data supported ordering
effect of genistein of the hydrophobic core in the liquid–crystalline phase (Lα). The analysis of the FTIR spectra
of the two-component liposomes showed that genistein incorporates into DPPC membranes via hydrogen
bonding between the lipid polar head groups in the C–O–P–O–C segment and its hydroxyl groups. Both
ﬂuorescence microscopy and ultrastructural observation revealed changes in membranous structures
organization as aftermath of genistein treatment. In conclusion, genistein localized within membranes
changes the properties of membrane that can be followed by the changes inside cells being crucial for
pharmacological activity of genistein used in cancer or other disease treatment.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
Flavonoids are pigments naturally occurring in plants and mostly
derived from benzo-γ-pyrone. They are often incorporated into the
people's daily diets [1]. Genistein (Fig. 1) is one of the most popular
ﬂavonoids due to the wide spectrum of biological activities and the
beneﬁcial effects on human health. It is known from its estrogenice; EPR spectroscopy, electron
py, Fourier-transform infrared
spectroscopy, nuclear magnetic
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rights reserved.activity, antioxidant and anticancer properties, prevention of osteo-
porosis and cardiovascular diseases [2,3]. Genistein binds to estrogen
receptorsα (ERα) and β (ERβ) and due to this property can be used as
an alternative to the hormonal therapy for post-menopausal women
[4]. It also shows antioxidant properties against oxidative damage of
lipids [5].
One of the targets for ﬂavonoids are membranes as well as internal
compartments that are limited by these membranes. For this reason
the interaction with membranes plays a crucial role in their biological
activity and understanding of the effects of ﬂavonoids on biomem-
branes may help to elucidate the mechanisms of action of ﬂavonoids
as anticancer agents and antioxidants. Alteration of lipid bilayer
properties may result not only in antioxidant action of ﬂavonoids
but also in affecting the activity of integral proteins and hence
inﬂuence transport and other membrane-related processes [6–11].
Indeed, it was found that genistein inhibited transport by multidrug
resistance-related protein (MRP1) and accumulation of daunomycin
was increased when cells were treated with 100 μmol/L of genistein
in human pancreatic adenocarcinoma cell line [12]. In erythrocytes,
genistein decreased the ﬂuorescent dye efﬂux from erythrocytes and
Fig. 1. The chemical formula of genistein.
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direct interaction with substrate-binding site of MRP1 is responsible
for its inhibiting properties [15].
Genistein–lipid interactions were studied by several research
groups. The interaction of genistein with the liposomes composed of
different lipids was examined by authors who used calorimetry and
turbidity measurements [16]. Fluorescence polarization anisotropy
measurements were used in the study of the inﬂuence of genistein
on the ﬂuidity of liposome membranes [17]. Maniewska et al., using
ﬂuorescence spectroscopic and calorimetric investigation, have demon-
strated that genistein affects lipid bilayers [18]. The alteration of bilayer
ﬂuidity by genistein was found by the research group of Łania-Pietrzak
et al. [19].
The studies concerning effects of genistein on lipids did not
however reveal detailed mechanisms responsible for genistein-
membrane interactions. Investigation of such molecular interaction
seems to be important from biological and medical standpoints. Thus
in the present paper we applied the spin label electron paramagnetic
resonance (EPR) measurements and nuclear magnetic resonance
(1H NMR) to study the effect of genistein on dynamic and structural
properties of liposomes made of DPPC. Fourier-transform infrared
spectroscopic (FTIR) investigation was also performed to address the
problem of incorporation of genistein into lipid membranes. Using
the electron and ﬂuorescence microscopic techniques we have also
investigated how genistein affects normal colon myoﬁbroblast cells
and human skin ﬁbroblasts cells, considering especially membranous
structures organization of these cells.
2. Materials and methods
2.1. Chemicals
Genistein (Sigma Chemical Co., USA) dissolved in ethanol (Merck,
Germany) was used in the studies. The solution was kept in the
dark. Spin label 2-(14-carboxytetradecyl)-2-ethyl-4,4-dimethyl-3-
oxazolidinyloxy free radical (16-SASL), 1,2-dipalmitoyl-sn-glycero-
3-phosphocholine (DPPC) and tris (hydroxymethyl)aminomethane
(TRIS) were purchased from Sigma Chemical Co. Deuterium oxide
(D2O) was purchased from ARMAR Chemicals Co. (Switzerland). Spin
labels were dissolved in absolute ethanol and stored at 4 °C. All other
chemicals were of the best quality available.
2.2. 1H NMR measurements of DPPC liposomes
For the 1H NMR spectroscopy measurements, mixtures of phos-
pholipids and ﬂavonoid were co-dissolved in chloroform/ethanol
mixture (55:1, v:v) at the respective concentration. The concentration
of the lipid in the sample was 3.2×10−2 M and of the ﬂavonoid
3.2×10−4 M. After evaporating the solvents under a stream of
nitrogen and then in vacuum (overnight) the samples were hydrated
with D2O (pH 7.4) and vigorously shaken (1 h) on a shaker at thetemperature above the main phase transition of lipid (41 °C) until
optical homogeneity of the mixture was observed. Then the lipid
suspension was being sonicated for 10 min with a 20 kHz sonicator to
yield a homogeneous lipid dispersion. NMR data were collected for
samples of 0.6 ml vesicles suspension with 4 mM praseodymium
trichloride (PrCl3). 1H NMR spectra were acquired on a Bruker Avance
300 NMR spectrometer using 5-mm probe with pulsed ﬁeld gradient
capabilities at a spinning speed of 300 MHz, at pulse length π/2 and
acquisition temperature 333 K.
2.3. EPR measurements of DPPC liposomes
Multilamellar liposomes were obtained by shaking [8]. We used
saturated DPPC liposomes, which resulted in an ordered phase that
was interrupted by an insertion of the ﬂavonoid. The concentration of
the lipid (DPPC) in phosphate buffer was 10−5 M. The concentration
of genistein was 5 mol% and of the spin label 1 mol% with respect to
the lipid. Dispersion of multilamellar liposomes of DPPC (73 mg/ml
of chloroform) was prepared by mixing solutions of respective
compounds, evaporation of solvent, ﬁrst in a stream of nitrogen and
subsequently by vacuum (3 h). DPPC samples were hydrated with
phosphate buffer (100 mM, pH 7.4) by vigorous shaking at the
temperature above the main phase transition of lipid (41 °C) until
optical homogeneity of the mixture was observed. The samples to be
measured were placed in a 1.3-mm diameter capillary (Hyland Lab.
Inc) and sealed with miniseal wax. EPR spectra were recorded with a
SE/X-2547 (Radiopan, Poznań) spectrometerworking in the X band and
equipped with variable temperature-stabilizing unit in the following
conditions: modulation amplitude 5 G in the case of spectra scanning
and 10 G for determining an accurate position of the maxima, time
constant 0.3 s, scan time 2 min, scan range 3200–3300 G. The n-SASL
spin labels applied in the study are commonly used to monitor the
ﬂuidity ofmodelmembranes [20]. In the spectra the height of the center
line (ho), an empirical parameter related to an order parameter of the
alkyl chain and the rate of alkyl motion of the spin label in a lipid core,
reﬂecting the ﬂuidity of a membrane, was analyzed [21]. All data are
expressed as means±SD (n=3).
2.4. FTIR measurements
Infrared absorption spectra of ﬂavonoid alone and with liposomes
(DPPC) were recorded with the Fourier-transform infrared absorption
spectrometer equipped with the attenuated total reﬂection set-up
(ATR-FTIR). The concentration of genistein was 1 mol% and of the lipid
10−5 M. In the case of DPPC liposomes the samples were hydrated
with TRIS buffer in D2O (100 mM, pH 7.4) by vigorous shaking at a
temperature above the main phase transition of lipid (41 °C). The
samples were deposited on the ATR crystal element by evaporation
from TRIS buffer in D2O (pH 7.4). The spectra were then recordedwith
a Vector 33 spectrometer (Brucker, Germany). The internal reﬂection
element was a ZnSe crystal (45° cut) yielding 10 internal reﬂections.
Typically, 10 scans were collected, Fourier transformed and averaged
for each measurement. Absorption spectra at a resolution of one data
point every 2 cm−1 were obtained in the region between 4000 and
400 cm−1 using a clean crystal as the background. The instrument
was being purged with argon for 40 min before and continuously
during measurements. The ATR crystals were cleaned with organic
solvent (ethanol). All experiments were done at 21 °C. The spectral
analysis was performed with OPUS (Brucker, Germany) and Grams Al
software from ThermoGalactic (USA).
2.5. Cell culture
HSFs, [human skin ﬁbroblast cell line derived from freshly
excised skin fragments in the Department of Virology and Immunology,
UMCS, Lublin, Poland] were cultured in RPMI (1640) medium (Roswell
Fig. 2. 1H NMR spectra of liposomes formed with pure DPPC and DPPC with genistein at
1 mol%. PrCl3 was added to the samples before measurement. The resonance line
assignment and parameters used in spectral analysis are shown in the graph. The
following parameters were determined: the full width at a half height (ν), the splitting
parameter of the resonance maximum corresponding to polar head groups (δ) and the
Iout/Iin ratio.
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(penicillin-100 U/ml, streptomycin-100 μg/ml, amphotericin B-
0.25 μg/ml) (Sigma) and 10% foetal bovine serum (FBS) (v/v)
(Gibco™, Paisley, UK). Cells at a density of 1×106 cells/ml were seeded
in 5 ml (working volume) tissue culture Falcon vessels for electron
microscopy observation.
Human normal colon myoﬁbroblasts CCD-18Co (ATCC No. CRL-
1459) were cultured in RPMI 1640+ Dulbecco's Modiﬁed Eagle
Medium (DMEM) (1:1) (Sigma) supplemented with 10% fetal calf
serum (FSC) (Gibco™, Paisley, UK) at 37 °C in the 5% CO2/95% air
atmosphere. Cells at a density of 1×106 cells/ml were seeded in the
cover slides in 2 ml (working volume) Leighton dishes for ﬂuorescent
microscopy.
To dissolve genistein in the growth medium a stock solution
(15 mg/ml) in dimethyl sulfoxide (DMSO) was applied. Then genistein
was used at the concentration of 15 μg/ml that is a pharmacological
dose of ﬂavonoid, similar to that used in many experiments concerning
cells and physiologically being achievable in humans [22,23].
2.6. Cell viability analysis by neutral red (NR) uptake assay
NR cytotoxicity assay was based on the uptake and lysosomal
accumulation of the supravital dye, Neutral Red. Dead or damaged
cells do not take up the dye [24]. Cells were grown in 96-well
multiplates (CCD-18Co for 4 h, HSF for 24 h) in 100 μl of culture
mediumwith genistein at the dose of 15 μg/ml addition. Subsequently,
the medium was discarded and 0.4% NR (Sigma) solution medium
was added to each well. The plate was being incubated for 3 h at 37 °C
in a humidiﬁed 5% CO2/95% air incubator. After incubation, the dye-
containing medium was removed, cells ﬁxed with 1% calcium chloride
(CaCl2) in 4% paraformaldehyde, and thereafter the incorporated dye
was solubilized using 1% acetic acetate in 50% ethanol solution (100 μl).
The plates were being gently shaken for 20 min at room temperature
and the extracted dye absorbance was measured spectrophotometri-
cally at 550 nm using a microplate reader (Emax; Molecular Devices
Corp.,Menlo Park, CA). Three independent experimentswere performed.
The results were calculated as a percentage of control, arbitrarily set
to 100%.
2.7. Fluorescence of endoplasmic reticulum under the inﬂuence of genistein
Myoﬁbroblast cells were being incubated with genistein for 4 h in
the dark at 37 °C. The time of incubation was chosen on the base of
our preliminary study in which myoﬁbroblast cells had being treated
with genistein and the changes of ﬂuorescence level and distribution
had been visible.
The cells were stained by 1,1′-dioctadecyl-3,3,3′,3′-tetramethy-
lindocarbocyanine perchlorate (vybrant DIL) (Lonza) dissolved in
growth medium (1:200, v:v) and then the cells were being incubated
at 37 °C for 15 min. For 1 ml of medium 50 μl of stock solution of DIL
was used. The ﬂuorescence of endoplasmic reticulum in the cells on
the cover glass was analyzed under the ﬂuorescencemicroscopeNIKON
E-800 (Japan). At least 100 cells in randomly selected microscopic
ﬁelds were observed under microscope. The data were registered in
the ﬂuorescence channel (λ=488 and 549 nm). The relative level of
pixel ﬂuorescence was measured along chosen line passing through
the cytoplasm and nucleus using LSM5 Image Examiner software
(Zeiss, Germany).
2.8. Transmission electron microscopy
The cells were being treated with genistein at the concentration
of 15 μg/ml for 24 h. The time of incubation is exactly the same as
in many studies examining the inﬂuence of genistein and other
ﬂavonoids on the cells [22,23].HSF cells were gently scraped off ﬂasks using a cell scraper. Then
they were ﬁxed in 4% glutaraldehyde in 100 mM cacodylate buffer for
2 h and in 1% osmium tetroxide for the next 2 h, all at 4 °C. The cells
were dehydrated in series of alcohol and acetone and embedded in
LR White resin. Ultrathin sections were cut with a diamond knife on
microtome RMC MT-XL (Tucson, AZ, USA), collected on copper grids
and contrasted with the use of uranyl acetate and Reynold's liquid.
For each experimental variant at least 100 cells were examined. The
samples were observed under LEO-Zeiss 912 AB electron microscope
(Oberkohen, Germany).
3. Results
3.1. 1H NMR investigation
Fig. 2 presents 1H NMR spectrum of DPPC liposomes and DPPC
liposomes with addition of 1 mol% genistein. Several bands can be
visible in the spectra, corresponding to major molecular features of
the membranes: CH3 and CH2 groups of the hydrophobic regions
of the membrane as well as the bands of choline groups from the
polar head region of the membrane. The liposome suspension was
supplemented with PrCl3. Addition of praseodymium ions results in
the split of the 1H NMR band corresponding to the –N+(CH3)3 group
owing to the pseudocontact shifts produced by shift reagents from
the group of lanthanides (e.g. Pr3+) [25].
The resonance maximum shifted towards higher ppm values
corresponds therefore to the lipid molecules forming the outer leaﬂet
of the liposome membranes, whereas the one shifted towards lower
ppm values corresponds to the inner liposome surface. The ratio of
the areas under the signal assigned to the outer layer to that assigned
to the inner layer (Iout/Iin, outer to inner) is proportional to the
number of choline heads in the outer and inner layers. It is obvious
that the number of lipid molecules in the outer layer is greater than
that in the inner layer, so for unilamellar liposomes the ratio Iout/Iin is
greater than 1. The smaller the liposomes the lower number of the
lipid molecules can ﬁt the inner layer of the liposome so the higher
the ratio Iout/Iin [26].
Fig. 4. Infrared absorption spectra of liposomes made of pure DPPC (continuous line),
liposomes with the addition of genistein (dashed line) and pure genistein (upper part
of the graph). The spectra were normalized by dividing by the surface beneath the
band centered at 971 cm−1, corresponding to the stretching vibrations of the choline
group (νa, N+–CH3).
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(restriction of motional freedom) of the membrane is observed. The
effect is pronounced by 58% increase in the full width at a half height
(ν) of the 1H NMR line corresponding to the CH3 and 142% increase in
the resonance maximum corresponding to the CH2 groups. Dramatic
restriction in the motional freedom is also observed in the polar head
group region. The presence of genistein causes the increase in ν by
344% (inner leaﬂet of membrane). Genistein addition results also in a
decrease in the splitting parameter of the resonance maximum
corresponding to polar head groups (δ) by 54%.
Moreover, the presence of genistein does not change the Iout/Iin
ratio. In the case of pure DPPC it is 0.62 whereas in the case of
liposomes with addition of the examined isoﬂavone it equals 0.625.
Both ratios indicate formation of multilamellar liposomes.
3.2. EPR measurements
In order to check the ﬂuidity of membranes, we applied spin label
doped into multilamellar DPPC liposomes and examined it by the EPR
technique. Due to the fact that EPR spectra are strongly dependent on
the motional freedom of the free radical segment of a spin label
molecule within membrane, spin labels of n-SASL are frequently used
to trace structural and dynamic properties of lipid bilayer. The results
show that modiﬁcation of DPPC liposomes with genistein (5 mol%)
has a pronounced effect on the ﬂuidity of the hydrophobic core of the
membrane at the depth monitored by 16-SASL (Fig. 3). Genistein
induces ﬂuidization of the lipid phase, as demonstrated by the
increase of ho parameter, below the temperature of the main phase
transition (41 °C) whereas above the main phase transition genistein
lowers the analyzed parameter indicative of the ordering effect of
membrane structure.
3.3. FTIR measurements
Fig. 4 presents the infrared absorption spectrum of DPPC mem-
branes, pure and the second onemodiﬁed with genistein. The principal
band between 2800 and 3000 cm−1 represents the C–H stretching
modes with the maxima of peaks at 2848 cm−1 and at 2916 cm−1,Fig. 3.The effect of genistein on theheight of the center line (ho) as a functionof temperature
of 16-doxylstearic acid spin label doped into multilamellar dipalmitoylphosphatidylcholine
(DPPC) liposomes. (○) Liposomes of DPPC with the addition of spin label at the concen-
tration of 1 mol%. (●) Liposomes with genistein at the concentration of 5 mol% and spin
label at the concentration of 1 mol%. The concentration of lipid in 100 mMphosphate buffer
was 10−5 M. The measurements were performed at various temperatures (17.5 °C–55 °C).
The spectrum scanned at modulation amplitude 5 G, maximum at 10 G.corresponding to the symmetric and antisymmetric stretching in the
CH2 groups of alkyl chains, respectively, with aminor contribution from
the symmetric and antisymmetric stretching vibration in the CH3
groups at 2873 cm−1 and 2955 cm−1 respectively. The broad band
centered at 3358 cm−1 represents O–H stretching in water molecules
associated with the membranes via hydrogen bonding. The relatively
strong band centered at 1735 cm−1 corresponds to the stretching
vibrations of the ester carbonyl groups of DPPC. The scissoring
vibrations of the CH2 groups are represented by the band at
1467 cm−1 while the relatively weak band at 1380 cm−1 represents
the umbrella deformation vibrations of the CH3 groups of alkyl
chains. The polar head groups vibrations are represented by three
main spectral bands: the antisymmetric stretching of the PO2−
groups (1243 cm−1 ), symmetric PO2− stretching (1087 cm−1) partially
overlapped with the band representing the C–O–P–O–C stretching
modes (1054 cm−1) and the band representing the antisymmetric
N+–CH3 stretching vibrations (971 cm−1).
Dramatic changes are observed in the infrared absorption spectra
as a result of incorporation of genistein. Such effect indicates the
localization of the ﬂavonoid with respect to the membrane and a
type of interaction with lipids. Relatively strong band centered
at 3180 cm−1 corresponding to the O–H stretching represents the
hydroxyl groups of the ﬂavonoid but can also be an indication
that genistein increases the water fraction bound to the membrane.
The spectral shift of the band at 1368 cm−1 representing the C–O
stretching vibrations in genistein towards lower wavenumbers (to
1296 cm−1) after incorporation into the membranes supports the
concept on involvement of hydroxyl groups of the ﬂavonoid in water
binding in the membrane environment. Overall broadening of the
entire C–H stretching band may represent penetration of water into
the hydrophobic core of the membrane combined with formation of
very weak hydrogen bonds between water molecules and C–H groups
of alkyl chains. Genistein binding to the polar zone of the membrane
can also occur via hydrogen bonding between the keto groups of
ﬂavonoid and oxygen groups of lipid. Water bridges are involved in
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assigned to C=O stretching towards lower frequencies (to 1629 cm−1)
supports such interaction. The relatively weak band at 1554 cm−1 can
be assigned to the –C=C– skeletal vibrations at the membrane-bound
genistein. Themost pronounced spectral effect accompanying genistein
presence in the membranes can be observed in the spectral region
corresponding to the C–O–P–O–C vibrations: a shift towards lower
frequencies accompanied with considerable increase in the oscillator
strength. Such effect represents most probably hydrogen bonding
between the polar heads of DPPC with genistein and points at the
localization of the ﬂavonoid.
3.4. The inﬂuence of genistein on the membranous architecture of normal
colon myoﬁbroblast cells
DIL is used to selectively label all intracellular membranes among
them endoplasmic reticulum [27–29]. The ﬂavonoid in the concen-
tration of 15 μg/ml was used to examine its effect on membranous
structures organization. No cytotoxicity towards the examined cells
was observed. Cell viability after 4 h of incubation was 95%±3.2. The
vybrant DIL-cell labeling solution was added directly to culture media
to uniformly label myoﬁbroblast cells. The ﬂuorescence of it was easy
detected when incorporated into membranes. We found that genistein
produced some disruption of the membranes in myoﬁbroblast cells.
Control cells revealed high ﬂuorescence level in the whole cell with the
biggest ﬂuorescence in perinuclear region (Fig. 5A, B). Cells incubated
with genistein displayedmuch lower ﬂuorescence intensity (Fig. 5C, D)
in comparison to control cells. At the same time ﬂuorescence around
nucleus as well as of the edges of the cells was also decreased when
compared to control cells (Fig. 5C, D).
3.5. The ultrastructure of human skin ﬁbroblast cells under the inﬂuence
of genistein
In order to assess how genistein affects human skin ﬁbroblasts the
cells were treatedwith isoﬂavonoid in the concentration of 15 μg/ml for
24 h. NR cytotoxicity assay has shown that viability of the examined
cells after 24 h of incubation was 143%±2.2. The observation of the
cells under electron microscope revealed some changes, especially in
membranous structures after genistein treatment. The control cells had
typical subcellular organization (Fig. 6A–D). The endoplasmic reticulum
(ER) of control cells had prominent cisternaewith ribosomes abutted at
the surfaces. The nucleus had homogenous karyoplasms and well
discernible membrane (Fig. 6B, C). The condensed mitochondria were
uniformly shaped (Fig. 6D). In cells treatedwith genistein some changes
were observed. The cytoplasm was often granular with dense bodies
and multilamellar inclusions (Fig. 6F, G, H). The endoplasmic reticulum
had often dilated cisternae (Fig. 6H) whereas the nuclear envelope
showed local widening (Fig. 6E).
4. Discussion
4.1. Genistein changes structural and dynamic properties of liposomes
made of DPPC
Cell membranes as well as membranous organelles are one of the
acting-sites for natural anticancer drugs such as ﬂavonoids [22]. We
studied the effects of genistein on liposomal membranes made of DPPC
to evaluate its interaction with membrane lipids. In the present study
the effect of genistein on structural and dynamic properties of the
membrane was observed. 1H NMR and EPR techniques were applied to
study multilamellar liposomes made of DPPC and containing genistein.
The effect of genistein was analyzed by comparison the full width
at half height (ν) of a certain NMR maximum in spectra recorded
from liposomes with isoﬂavone addition as well as by comparison
the splitting parameter of the resonance maximum corresponding topolar heads groups (δ). The 1H NMR technique revealed restriction of
motional freedom of the membrane in the hydrophobic region by
genistein. The effect of broadening of spectral peaks, directly related to
limitations of the segmentalmovement of lipidmolecules was strong in
the case of CH2 groups and weaker in the case of terminal CH3 groups
of lipid alkyl chains in genistein-containing samples. Additionally, the
effect of genistein on the polar head group region was analyzed in Fig. 2
where proton resonance in choline group of pure membranes and
the ones with the addition of the examined isoﬂavone were compared.
The inclusion of genistein to the membrane decreased dramatically
the motional freedom of polar head groups. A split of that resonance
maximum brought about by the addition of Pr3+ indicates the presence
of a free space in the head group region of the phosphatidylcholine
membrane. As it may be seen from Fig. 2 genistein reduced penetration
of Pr3 to the head region of the membrane.
The spin label was also used in this study which provided
information about the membrane interior. The shape of EPR spectra
strongly depends on the motional freedom of free radical segment
of the spin label molecule within membrane. 16-SASL enabled
the examination of the membrane in the hydrophobic core of the
lipid membrane. We analyzed the height of the center line (ho) that
enabled determining changes in the ﬂuidity of membrane at the
depth mentioned above. The analysis of the values of ho showed
rigidifying effect of genistein above the main phase transition which
is in accordance with the results obtained by the NMR technique. The
ﬁndings from the current study strictly correspond to the results
obtained by Arora et al. [17] showing that intercalation of genistein into
the hydrophobic core takes place causing a decrease in lipid ﬂuidity in
this region of themembrane. The authors employed ﬂuorescent probes
for monitoring changes in membrane ﬂuidity at graded depths. They
found the greatest restriction in the membrane mobility in the interior
region, but they also found that genistein incorporates into the exterior
portion of the membrane and such behavior did contribute to a
decrease in membrane ﬂuidity. Our EPR data also pointed at genistein
activity in the membrane center as it was tested by 16-SASL. The NMR
results of the current study provided evidence of genistein as isoﬂavone
that restricts motility in all the regions with the greatest activity on the
part of genistein in the polar head groups region. The studies, though
differing to some extent from the above mentioned, are probably a
consequence of differences in the lipid substrates employed and the
sensitivity of themethod applied. The authors of the previous study had
used SLPC liposomes (1-stearyl-2-linoleoyl phosphatidylcholine)—a
composition that is representative of phospholipids in biological
membranes with a saturated fatty acid at the sn-1 position and an
unsaturated fatty acid at the sn-2 position. We applied a totally
saturated type of lipid, hence the insertion of theﬂavonoid in the bilayer
determined a higher ordering of the acyl chains in the liquid crystalline
phase Lα. However, below the temperature of themain phase transition
(41 °C) a slightly ﬂuidizing effect of genistein in relation to membrane
was observed in the region tested by 16-SASL. At the same time, one
ought to consider sensitivity of the methods applied. In comparison to
the EPR technique, NMR ismuchmore sensitive to local changes caused
by the addition of a ﬂavonoid. Both the NMR and EPR results presented
in the paper and related to the ﬂuid phase of the membrane, relevant
from the physiological standpoint, show the ordering effect of genistein
with respect to lipids. Tsuchiya and coauthors supported such activity
of genistein [22]. By increasing the ratio of unsaturated /saturated
(18:1/16:0) phosphatidylcholine in bilayers, an increase in ﬂavonoid
rigidifying effect in hydrophobic region was caused. Such behavior of
genistein is consistent with the results obtained by Furusawa and
coworkers in other study [30]. As it was shown in this paper, genistein
rigidiﬁed the tumor cell model membranes beingmore effective on the
membrane core. Lania-Pietrzak and coauthors provided evidence of
genistein as active agent in DPPC. Using calorimetry they showed that
transition temperature was decreased in a concentration-dependent
way [19].
Fig. 5. DIL staining of myoﬁbroblast cells incubated with genistein (15 μg/ml) for 4 h at 37 °C. The proﬁle of DIL ﬂuorescence was performed under a confocal scanning microscope
(LSM 5 PASCAL) with an Ar laser at an excitation wavelength of 488 nm (A–C) and 549 nm (D). The graphs on the right hand side present ﬂuorescence intensity measured along the
long diameter of the respective cells. A–B represent control cells and C and D represent cells treated with genistein. Nuclear region of the cells is shown between dashed lines.
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The studies on genistein–lipid interactions did not however reveal
a detailed mechanism of such molecular interaction. At the same time
the nature of this interaction seems to be important from the
biological and medical standpoints. Thus using the FTIR spectroscopic
investigation we tried to address the problem of incorporation of
genistein into lipid membrane.
Fig. 4 presents the IR absorption spectra of the DPPC multilayer
and the multilayer modiﬁed with 1 mol% genistein in the different
spectral regions. A fragment of this corresponds to vibrations of thefunctional groups located in the polar head group region. The intensity
of the band corresponding to the spectral region of the C–O–P–O–C
(1087 cm−1) is sensitive to the presence of genistein in membrane and
essentially changed in comparison to the pure DPPC. In turn the shift
toward lower frequencies (by 19 cm−1) is accompanied with the
increase in the oscillator strength upon incorporation of genistein. Such
an increase can be accepted as a further indication of involvement of
this segment of a lipid molecule in hydrogen bonding formation. The
changes mentioned above can be assigned to the hydrogen-bonded
heads of DPPC and indicate that genistein incorporates into the DPPC
via hydrogen bonding in this region. Following our results Oteiza and
Fig. 6. The ultrastructure of human skin ﬁbroblast cells under the inﬂuence of genistein in the concentration of 15 μg/ml. A-D represent control cells. The control cells have
prominent cisternae of rough endoplasmic reticulum with well visible ribosomes abutted on the surfaces (A, D), well deﬁned nuclear envelope (C) and uniformly shaped,
condensed mitochondria (B). In ﬂavonoid treated cells (E-H) local dilation of nuclear envelope (E), dense bodies (white arrows) (F), multilamellar inclusions (white arrows) (G),
dilated cisternae of ER and granular cytoplasm (H) are observed.
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of bilayers (composed of brain phosphatidylcholine and phosphatidyl-
serine at a molar ratio 60:40 (PC/PS)) probably happens through
hydrogen bonding. The formation of hydrogen bonds by hydroxyl
groups of ﬂavonoids between the molecule of the examined ﬂavonoid
and the polar head groups of the membrane lipids at the interface in
part determines the capacity of these compounds to interact with the
membrane surface and protect against external damage e.g. radicals.
Similar conclusion were drawn previously by Erlejmann and coauthors
who concluded that formation of hydrogen bonds between OH groups
in ﬂavonoids and polar head group of membrane lipids can be par-
ticularly relevant for the interactions of ﬂavonoids with membrane
at the water–lipid interface [2]. One should remember that insertion of
ﬂavonoids into membranes is strongly pH-dependent. The protonation
degree has a marked effect on their partitioning between the polar and
nonpolar phase of DPPC membranes [32]. Zielonka and coauthors havestudied the deprotonation equilibria of genistein in different aqueous
solutions. It has been found that genistein undergoes deprotonation
reactions leading to the creation of monoanion, dianion and trianion.
We applied pH 7.4 in our investigation. In such conditions themolecule
of genistein exists in two forms: nondeprotonated and monoanionic.
Neutral form is liposoluble whereas the reaction site of monoanionic
form is restricted to the hydrophilic domain of themembrane [33]. Thus
the ﬁndings from the current experiment support the interaction of
genistein with DPPC membrane with preferential interaction in the
polar region. This is in accordance with the work of Oteiza et al. [31].
It is also very likely that water bridges link additionally the
hydroxyl groups of genistein with the polar groups of DPPC, including
the phosphate group. As it can be seen the band at 1368 cm−1,
representing the C–O stretching vibration in genistein was shifted
towards lower wavenumbers (to 1296 cm−1). Genistein binding to
the polar zone of the membrane can also occur via hydrogen bonding
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Such interaction has to involve water bridges. The spectral shift of the
band centered at 1653 cm−1, assigned to C=O stretching, towards
lower frequencies (to 1629 cm−1) supports such an interpretation.
The study concerning examining the possibility of the protective
action of quercetin on phosphatidylcholine liposome membranes
exposed to the prooxidative action of diphenyltin dichloride (DPhT)
and triphenyltin chloride (TPhT) included on analysis of IR spectra
of quercetin (another type of ﬂavonoid). The authors suggested
that probably the band at 1653 cm−1 comes from the C=O group in
the IR spectrum of quercetin and corresponds to the ”pure vibrations”
of the carbonyl groups and those which form hydrogen bonds.
The authors postulated also that the displacement towards lower
frequencies points to the interactions by hydroxyl groups via hydrogen
bonding [34]. By means of non-covalent immobilized artiﬁcial mem-
branes (IAM) chromatography Ollila and coauthors have shown strong
interactions between ﬂavonoid (other than genistein) and DPPC
membrane interface suggesting that such interaction happens by
hydrogen bonds formation between the ﬂavonoid's hydroxyl groups
and polar groups of the lipidmolecules at the lipid/water interface. They
did not exclude Van der Waal's interaction with lipids [32]. Whaley
and coauthors suggested that in genistein–lipid interactions genistein
acts as hydrogen bond donor to lipid acyl groups [35].
Our results showed broad distribution of genistein in membranes
with the highest propensity to polar head groups zone and below the
headgroup. In agreement with our results Whaley and coworkers
suggested that genistein is quite mobile [35]. Similar conclusion were
drawn by Pampel and coauthors who suggested that the amplitude
of transverse motion of the ﬂavonoid is rather big indicating that
there is no explicit binding site for ﬂavonoids but rather a dynamic
penetration of the lower membrane region. This was conﬁrmed by the
pulse ﬁeld gradient (PFG NMR) method that revealed the lateral
diffusion properties of ﬂavonoids. The most polar myricetin appeared
to be both membrane-associated and water-solved as it showed the
typical signatures of the diffusion of water molecules in the proximity
of a lipid surface [36]. The ﬁndings from the current study strictly
correspond to those of Scheidt and coauthors who found a broad
distribution of ﬂavonoids along membrane with a maximum in the
lipid/water interface in monounsaturated model membranes made ofFig. 7. Schematic representation of the expected arrangement of genistein with respect to
(A) genistein and (B) DPPC. Flavonoid molecule creates hydrogen bonds between oxygen fpalmitoyl-2-oleyl-sn-glycero-3-phosphate (POPC) by means of high-
resolution magic angle spinning NMR spectroscopy [37]. Our investi-
gation pointed to the wide distribution of genistein within DPPC
membrane with higher propensity towards upper region of membrane
e.g. lipid water interface. The expected location and interaction of
genistein with membrane is visible in Fig. 7. Lipid water interface is
deﬁned as a broad region of the membrane containing upper chain/
glycerol/headgroup. Because of its complex electrostatic and hydrogen-
bonded structure the membrane interface provides the perfect envi-
ronment to host small partially polar molecules such as ﬂavonoids.4.3. Genistein affects normal colon myoﬁbroblast cells and human skin
ﬁbroblasts cells
The chemical structure of genistein (Fig. 1) allowed to predict its
localization within the membrane. This isoﬂavone has three hydroxyl
groups which indicate the preference rather for polar environment.
Additionally it has an aromatic part with the propensity towards
hydrophobic (lipid) environment. Such localization of genistein was
supported by EPR, NMR and FTIR data of our investigation. Genistein,
as it was shown by observation with the use of the ﬂuorescent
microscope, is present in cell membrane and in internal membranous
structures. Due to such localization it can modify the properties and
activities of the cells. As a consequence of such behavior it can change
proliferation [38–40], the enzymatic activity of tyrosine protein
kinase as well as affect membrane transport, inhibit cell cycle or
prevent lipid peroxidation and free radical formation or induce
apoptosis [41–44].
In ultrastructural studies the changes in the endoplasmic reticu-
lum were visible. The presence of local dilation of nuclear envelope
was also noted. Endoplasmic reticulum is usually abundant in the
perinuclear region, the place where, as we found, genistein strongly
inﬂuences the architecture of ER. Some cytoplasmic organelles are
also present there. It seems that genistein bound to these elements
can modify their structures and their activities. The suppressive
effects of genistein (used in similar doses as ours) on the prolifera-
tion, morphology and function of cultured hypertrophic scar human
ﬁbroblasts (HSFBs) were demonstrated by Cao and coauthors [23].lipid in a membrane (the displayed hydrogen bonds’ length is not in the real scale).
rom positions 7 and 5 and segments of DPPC.
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Aftermaths of genistein intercalation into membranes are crucial
for reduced risk of cancer. Soy isoﬂavonoid consumption e.g. genistein
was correlated with the inhibition of human colon tumour cells’ (HCT)
in vitro proliferation. At the same time genistein affected the mem-
brane ﬂuidity of these cells in a time-dependent manner decreasing
its ﬂuidity. It was explained that such changes in membrane ﬂuidity
may account for the differences in the signaling pathways, one of the
genistein antitumor mechanism [38].
Hence the changes of ﬂuidity of membrane caused by anticancer
dietary factors, such as ﬂavonoids, are possibly of big importance to
the growth inhibition of tumor cells.
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